While non-nitride III-V semiconductors typically have a zincblende structure, they may also form wurtzite crystals under pressure or when grown as nanowhiskers. This makes electronic structure calculation difficult since the band structures of wurtzite III-V semiconductors are poorly characterized. We have calculated the electronic band structure for nine III-V semiconductors in the wurtzite phase using transferable empirical pseudopotentials including spin-orbit coupling. We find that all the materials have direct gaps. Our results differ significantly from earlier ab initio calculations, and where experimental results are available (InP, InAs and GaAs) our calculated band gaps are in good agreement. We tabulate energies, effective masses, and linear and cubic Dresselhaus zero-field spin-splitting coefficients for the zone-center states. The large zero-field spin-splitting coefficients we find may lead to new functionalities for designing devices that manipulate spin degrees of freedom.
I. INTRODUCTION

Semiconductor nanowhiskers (NW) have attracted a tremendous amount of interest in recent years
1,2, 3, 4, 5, 6, 7, 8 . Much of it is due to their potential application in areas such as photovoltaic cells 9, 10, 11 , nano-electromechanical resonator arrays 12 , microwave and THz detection 13, 14 , single photon detection 15, 16, 17 , field-effect 1819 and singleelectron transistors 20 , and various other electronic and optoelectronic devices 21, 22, 23, 24, 25 . NWs are also interesting because 1D systems can be made using material combinations for which large lattice mismatches prohibit quantum well structures, allowing greater freedom in material combinations for device engineering.
In contrast to bulk non-nitride III-V materials which are usually zincblende (ZB), NWs predominantly crystalize in the wurtzite (WZ) phase 26, 27, 28 . Several different theoretical explanations for this behavior have been proposed. Recent calculations suggest that the WZ phase is energetically favorable for small NW radii 29, 30 , although this does not account for all NW radii for which the WZ phase is experimentally observed. Calculations based on an empirical nucleation model indicate that WZ formation is favored for certain ranges of the interface energies 31 . Ab initio calculations indicate that the WZ phase is favored due to the accumulation of electrons at the interstitial site containing the Au catalyst 32 , while other calculations show that the polytype is determined by growth kinetics 33 . It should be noted that these different mechanisms are not necessarily mutually exclusive.
Theoretical understanding of the electronic and optical properties of semiconductor nanostructures is based on a knowledge of the electronic properties of bulk materials. However little is known about the electronic band structure of III-V semiconductors in WZ phase since most do not naturally occur as bulk crystals. Moreover, the NWs often contain sections of ZB material, forming heterostructures out of the differing band structures of the two polytypes 2, 34, 35, 36 . Band structures of WZ III-V semiconductors have been calculated using density functional theory (DFT) in the local density approximation (LDA) 37, 38 . Since the LDA underestimates band gaps the WZ band structure can not be directly determined, and instead calculations of WZ and ZB are typically compared to obtain the differences between the two polytypes. The band structures of GaAs and InAs in WZ phase have also been calculated using the GW method 39 , giving somewhat different results than those from the LDA. In addition to the inherent errors in ab initio band gaps, all of the above calculations neglected the spinorbit coupling, which is known to significantly alter the valence band structure of semiconductors.
In this paper we present calculations of the bulk electronic band structures of the nine non-nitride III-V semiconductors in WZ phase using empirical pseudopotentials including spin-orbit coupling. These calculations are based on transferable model pseudopotentials assuming ideal WZ structure. The spherically symmetric ionic model potentials are first obtained by fitting the calculated bulk ZB energies to experimental energies at high symmetry points. The band structure of the WZ polytype is then obtained by transferring the model pseudopotentials to the WZ pseudopotential Hamiltonian using the appropriate crystal structure factors.
This method has been proven to be very successful in obtaining the bulk band structures of semiconductor polytypes 40, 41, 42, 43, 44, 45, 46, 47, 48 . The anion and cation pseudopotentials are specific to each material and are only transfered between polytypes. Therefore the model potentials should be transferable between ZB and WZ polytypes due to the similarities in their crystal structures. In both structures all of the nearest neighbors and nine out of the twelve second nearest neighbors are at identical crystallographic locations 49 while the the second nearest neighbors are equidistant. This paper is organized as follows. In section II we outline the similarities and differences between ZB and WZ crystal structures as well as the direct correspondence bearXiv:0908.1984v1 [cond-mat.mes-hall] 13 Aug 2009 tween high symmetry k-points in the two polytypes. In section III we describe the transferable pseudopotential method. In section IV we present the calculated band structures, their respective density of states (DOS), and effective masses. Finally, we summarize the results in section VI.
II. WURTZITE VS ZINCBLENDE
A. Crystal Structure
The ZB crystal is formed by two interpenetrating face centered cubic (FCC) Bravais lattices (each of a different atomic species), whereas the WZ structure is constructed from two interpenetrating hexagonal close-packed (HCP) lattices. The differences between the two structures are best understood by viewing along the [111] direction (Fig. 1a,b) , along which both look like stacked hexagonal layers. The atoms are identical within each layer, and the layers alternate between the anion and the cation. For the ideal WZ crystal the lattice constant is given by a W Z = a ZB / √ 2 and the lattice constant along the c-axis (axis perpendicular to the hexagon) is related to the in-plane lattice constant by c = (8/3) a W Z . Since the WZ crystal is tetrahedral, the nearest neighbors are the same in the two polytypes. In addition, we see from Fig. 1 that nine of the twelve nearest neighbors in WZ are the same as in ZB. These structural similarities suggest that the local electronic environment will be the same in the two crystals, and therefore the crystal potentials will be nearly identical in WZ and ZB. In WZ the type-1 atoms are located at (0, 0, 0) and 
and a 3 = (0, 0, c). The parameter u = 3/8 for the ideal WZ crystal structure, which we will assume throughout this paper. This assumption is supported by the fact that experiments show that WZ GaAs is very close to ideal 50 .
B. Band Structure
Due to the similarities of the two crystals, many of the high symmetry points in the Brillouin zones of ZB and WZ are related to each other, and an understanding of their correspondences is useful for understanding trends in the band structures of the two polytypes. Fig. 2 shows the relationships among the zone center states in WZ and the corresponding L and Γ points in ZB, both with and without spin-orbit coupling. One of the most important features is that in the empty lattice approximation the L-point in ZB is zone-folded to the Γ-point in WZ. As a result, in the absence of spin-orbit coupling, the Γ 1 , L 1 and L 3 states in ZB correspond to Γ 1 , Γ 3 and Γ 5 respectively in WZ (Fig. 2) . Because of this folding over of the L-valley, indirect gap ZB materials with an L valley conduction band minimum would be expected to have a direct gap in the ZB phase unless the energy of the state was significantly shifted by the crystal potential. The states at the top of the valence band in WZ also have some important differences with their ZB counterparts. In the absence of spin-orbit coupling, the hexagonal crystal field of WZ splits the p-like Γ 15 state of ZB into a four-fold degenerate Γ 6 and a doubly degenerate Γ 1 . In terms of the p-orbitals, these states are p z → Γ 1 are p x , p y → Γ 6 . With the inclusion of spin-orbit coupling, Γ 6v splits into the Γ 9v heavy-hole and the Γ 7v lighthole. Therefore, all zone center states in WZ belong to either Γ 7 , Γ 8 , or Γ 9 . There are similar correspondences between the high symmetry directions of the two crystals. The symmetry line Λ(Γ → L) in ZB corresponds to the ∆(Γ → A) line in WZ 49 .
Schematic showing the correspondence between energy levels at the L and Γ points in ZB and the Γ point in WZ with and without spin-orbit coupling 37 . The dashed lines show the correspondence between the states. Additional degenerate levels are shown in grey. (Γ → A), the crystallographic point group is C 6v 51 . As all the irreducible representations compatible with spin (Γ 7,8,9 ) in this group are doubly-degenerate 52 , there is no spin-splitting along k z .
In WZ, the spin splitting effects near zone center can be described with an effective one band Hamiltonian 53,54,55
where α n are constants. This effective Hamiltonian is invariant with respect to C 6v for all odd powers of k.
The coefficients of the linear and cubic Dresselhaus spinsplitting terms can be obtained by expanding Eq. 1 up to n = 1. Near the crossing, the difference in energies between the spin-split bands in Fig. 3 (a) has the form
where ζ i 1 and ζ i 3 are the linear and cubic Dresselhaus spin-splitting coefficients respectively for band i. These coefficient characterize the spin spin splitting, and may be determined from the computed band structure by fitting a function of the above form. While the existence of a spin splitting in a particular direction is determined by symmetry considerations 51 , the magnitude can vary considerably. Although both ZB and WZ crystals lack inversion symmetry, spin splitting effects are much more prominent in WZ due to its lower crystal symmetry 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66 , which can be of particular use in spintronic devices.
III. METHOD A. Pseudopotentials
Our band structures are computed using the empirical pseudopotential method of Cohen and Chelikowsky 48 with a model potential applicable to both ZB and WZ structures. Pseudopotentials exploit the fact that the electronic wave function may be separated into the sum of a rapidly oscillating part near the atomic cores and a slowly varying piece. The pseudopotential approach relies on the assumption that the core electrons are frozen and that the valence electrons move in a weak singleelectron potential making the true atomic wave function orthogonal to the core states. The pseudo wave equation is then p
where |φ is the smoothly varying pseudo wave function, and V pp is the pseudopotential which includes a repulsive core to partially cancel the deep potential near the atomic core 67 . By taking V pp to be a local pseudopotential which is a function only of position, it may be expanded in terms of reciprocal lattice vectors, G, as
where α labels the atom type, V F F α (G) is the form factor, S α (G) is the structure factor, N α is the number of atoms per unit cell of type α, and τ α,i is the position of atom number i of type α.
For binary compounds it is convenient to separate the pseudopotential into symmetric (S) and antisymmetric (A) parts as
The symmetric and antisymmetric structure factors are given by
where N is the number of atoms per unit cell and P j = +1 for one type of atom and −1 for the other type. The symmetric and antisymmetric form factors, V A (G) and V S (G), are obtained from the sum and difference of the spherically symmetric anion and cation potentials. There are several approaches to calculating V F F 48,68 . In the empirical pseudopotential approach used here, V S (G) and V A (G) are adjusted to fit the calculated energy spectrum to experimentally determined energies at band extrema. Model potentials that yield an accurate band structure of a known polytype should reliably predict the band structure for the unknown polytype if the two crystal structures are similar. To compute the WZ band structure using pseudopotentials obtained from ZB requires V S (G) and V A (G) to be continuous functions that can be evaluated at any value of G. A wide variety model potentials have been used 44, 68, 69, 70, 71 and we use potentials of the form
where G = |G|, and the parameters x j and x j are obtained for each material by fitting to the ZB band structure.
B. Spin-Orbit Interactions
We include the spin-orbit coupling, given by
using the method of Weisz 72 . Eq. 11 cannot be used directly since spin-orbit coupling involve the core states which are omitted from the pseudo wave equation as a result of orthogonalization. Instead, by returning to the original Schrödinger equation we may expand in terms of the core states |φ c to obtain 72, 73 φ |V so |φ ≈ c,c
In this way the matrix elements of H so for core states may be parameterized and then fit to experiment in the same way as the pseudopotential form factors. By expanding |φ in Bloch functions, and expressing the core states in terms of its constituent atomic radial wave functions and respective spherical harmonics, Eq. 12 can be recast as
where P l is the derivative of the Legendre polynomial, σs are the Pauli matrices, K = G + k, and θ is the angle between K and K . The coefficient λ l is given in terms of the core wave functions by
where C is a normalization constant such that β nl (K)/K approaches unity in the limit K goes to zero and n is the principal quantum number for the core state being considered. For III-V semiconductors, it is not required to expand Eq. 13 beyond l = 2 since they do not have core shells filled beyond d-orbitals. Expanding Eq. 13 up to l = 2, the matrix elements for the spin-orbit coupling in a binary compound are
where the superscript (1),(2) specifies which atom, the coefficient µ l is an empirically adjusted parameter and γ l is the ratio of the anion to cation spin-orbit splitting energies for a given core state 74 . The overlap integral, β nl , is constructed from the atomic core wave functions using Eq. 15. The radial part of the core wave function, R nl , is an approximate Hartree-Fock solution taken from Herman-Skillman tables 75 . For Ga, In, As and Sb, terms up to l = 2 in Eq. 16 are included while Al and P only go up to l = 1 since they do not have valence d-shells. With the inclusion of Eq. 16 the total pseudopotential Hamiltonian becomes
C. Fitting
The pseudopotential parameters x i , x i , and µ i in Eqs. 9 and 10 were determined by fitting the band structure obtained from the Hamiltonian of Eq. 21 to experimental energies of the band extrema of ZB materials. The Hamiltonian was evaluated in a plane wave basis with a cutoff of |G| ≤ 32π/a, and for each value of k the Hamiltonian was diagonalized to give energies to be fit to the experimental target values. The fitting was accomplished by minimizing the error function
where the sum over i ranges over the targeted energies E i , and W i are weighting factors adjusted to speed convergence. Seven energies were used as fitting parameters, (all with respect to E Γ 8v
were taken from Ref. 76 while the higher transition energies, were taken from Ref. 77 . In addition constraints were imposed to ensure the correct band ordering of valence states by forcing the third and fourth (spin-degenerate) valence band states to have Γ 7 symmetry. F was minimized with respect to x i , x i , and µ i using Powell's method, with the local pseudopotential form factors from Ref. 78 used as an initial starting point. Slightly different initial values were used as a check that the solution did not converge to a spurious local minimum since Powell's method finds the local minimum. In those cases where the value of F was large, indicating a poor fit, the weights W j were adjusted to climb out of the local minimum in which the algorithm was trapped, and the minimization algorithm was continued.
D. Transferable Pseudopotentials
Once the form factors have been determined for the ZB polytype, they may be transfered to the WZ structure by centering the spherically symmetric atomic pseudopotentials on the positions of the ions in the WZ form. The transferability depends on the similarities of the crystal structures, and for sufficiently dissimilar polytypes one would expect the method to fail. Fortunately, as discussed in section II A ZB and WZ are very similar, as the WZ crystal structure can be thought of as a variation of ZB with the same local structure, but a slightly different long range structure. It is important to note that all the parameters were fit independently for each material, and the pseudopotentials were transferred between polytypes with the same binary composition. Since the WZ primitive cell has four atoms (rather than the two of ZB), its structure factor contain more terms. Substituting the atomic positions in section II A into Eqs. 7 and 8 the WZ structure factors are
1 + e
(23)
where G j (j = 1, 2, 3) are the components of the reciprocal lattice vector G.
IV. RESULTS
A. Calculated III-V Zinc Blende band structures
The pseudopotential parameters determined by fitting to the zincblende band structures are given in Table I , including the spin-orbit parameters. The accuracy of the results may be gauged by Table II , which gives the ratio of each band energy to the experimental value to which it was fit 76 . We see that the results agree with experiment to within 1% for all but E Γ 6v . Even for E Γ 6v , the deviation from the experimental value is greater than 10% only for InSb. We have also made a similar comparison of the effective masses and Luttinger parameters 76 . These values differ from the energy ratios in that the masses were not fit to experimental data. The masses were determined by doing a quadratic fit to the band extremum, with the Luttinger parameters determined from m * m hh(lh)
It should be noted that several of the masses listed in Ref.
76 are either obtained theoretically or have large experimental uncertainties. For example, only theoretically calculated effective masses are available for AlP and for the valence band of AlSb. To the best of our knowledge, experimental results are not available for these compounds. In the case of GaP the conduction band effective mass is extrapolated from its ternary alloy. For InAs, there is great experimental uncertainty about the heavy and light hole masses 76 . Even though we have omitted nonlocal corrections not associated with spin-orbit coupling, our effective masses are in very good agreement for compounds containing lighter elements.
B. Predicted III-V Wurtzite band structures
The calculated band structure and the corresponding density of states(DOS) for each of the nine III-V semiconductors in WZ phase are shown in Fig. 4-12 . The electronic band structures are calculated in the irreducible wedge of the Brillouin zone ( Fig. 1(d) ). It should be noted that the band structure of WZ is more complicated than that of ZB due to it lower crystal symmetry and has roughly twice as many bands over a given energy range. The irreducible representations of the zone center states was determined by transforming the pseudo wave functions under the symmetry operations of the respective crystallographic point group.
Tables III-V list the calculated zone center energies of the band extrema, effective masses for k parallel and perpendicular to the c axis, and the linear and cubic Dresselhaus spin splitting coefficients ζ 1 and ζ 2 . We calculated the Dresselhaus coefficients by fitting a function of the above form in Eq. 2 to the calculated band structures. These parameters may be used in constructing k·p WZ Hamiltonians for nanostructure 
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where u is a parameter relating the lattice constants, √ u = a/c. For the ideal WZ structure assumed here, and is 3/8 for an ideal WZ structure.
In ZB phase, AlP, AlAs, AlSb and GaP are indirect gap semiconductors with their conduction band minima ordered X, L, Γ. Our calculations show that in all of the indirect gap ZB semiconductors become direct gap WZ materials with Γ 8 conduction band minima. Previous LDA calculations obtained indirect gaps for AlP and AlAs in WZ phase, with the conduction band minimum at M 37,38 . Although this is not the case in our results, we do find the M valley conduction band minimum only slightly above the Γ minima (182 meV for AlP and 157 meV for AlAs). The same LDA calculations also predicted AlSb and GaP to have Γ 8 conduction band minima, in agreement with our results 37 . The direct gaps of AlP and AlSb in WZ phase are larger than the indirect (X-valley) gaps of their respective ZB counterparts. Whereas the direct (Γ 8 ) gaps of AlAs and GaP in WZ phase are smaller than the indirect gaps of their ZB counterparts.
Although GaAs and GaSb have direct gaps in the ZB phase, for both materials the zone-folded L valley in WZ is lower, giving a Γ 8 minimum. For WZ, GaAs has a band gap (≈ 1.5 eV) which is only slightly smaller than that of its ZB polytype, while GaSb has a significantly smaller gap (≈ 0.53 eV) in WZ phase. In both cases this is due to E L1c being close to E Γ1c . This behavior is most apparent for GaSb, hence our prediction for GaSb is consistent with that of Ref. 38 and Ref. 37 . In light of recent experimental results, the case of WZ GaAs will be discussed in greater detail below. All three Indium containing compounds InP, InAs and InSb are direct gap semiconductors in WZ phase with Γ 7 conduction band minima and have higher band gaps than their respective direct gap ZB polytypes.
While little is known about the WZ polytypes, experimental data is available for the band gaps of GaAs, InAs and InP. Table (VII) compares our calculated band gaps for these three materials to experiment and ab initio calculations. We have only tabulated their SX and GW results as they make different qualitative predictions as to whether the band gap of WZ GaAs is larger or smaller than for ZB. Note that the values listed for the ab initio methods are not listed directly in the respective references. As none of the directly obtained gaps from ab initio calculations are correct, the values are obtained from the experimental ZB gap and the calculated percentage change between the two polytypes. As can be seen, our results are in very good agreement with experiments. More importantly, they are in agreement with the experimental trends as to whether the WZ band gap is larger or smaller than the ZB gap. This is most apparent in the case of GaAs, for which ab initio calculations (except the SX method 87 ) predict that GaAs should have a larger direct band gap in WZ phase than in ZB, in disagreement with experiment. All of the low temperature experimental results show that for GaAs the WZ phase has a smaller band gap than ZB. In addition, the experimental gaps are obtained from photoluminescence measurements on GaAs nanowires, which will be slightly larger due to confinement.
In the case of InP our results are in agreement with experiments as well as with the trends from LDA calculations. Photocurrent spectroscopy measurements on InAs 1−x P x nanowires have been extrapolated in x to obtain a band gap for InP of 1.645 eV 88 , which is higher than valules from photoluminescence measurements. The fact that the measured values are higher than our pseudopotential calculations may be du to confinement effects in the nanowire experiments. Our calculated gap for InP is also in good agreement with the calculations of Zanolli et al. 87 .
The spin-orbit coupling can alter the ordering of the valence band states in different WZ semiconductors. For example, in CdS and CdSe the top three valence states are in descending order Γ 9 , Γ 7 , Γ 7 (referred to as normal ordering) 56, 89 while in ZnO the ordering is Γ 7 , Γ 9 , Γ 7 (anomalous ordering) which results from a negative are the spin-orbit splitting and crystal-field splitting energies extracted using Eq. (26) .
, is the energy difference between the top of the valance bands for the two polytypes.
spin-orbit energy. In our calculations, all materials except InSb have normal ordering. In the case of InSb the ordering of the valence band states is complicated by its very large spin-orbit splitting which forces the Γ 7 splitoff hole bellow the next Γ 9 state (which comes from the 'folded over' p-like L-valley states in ZB). This results in the unusual Γ 9 , Γ 7 , Γ 9 , Γ 7 ordering of valence band states in InSb.
Tables III-V also give the Dresselhaus coefficients for each band. As expected 55 , all Γ 9 states have zero linear Dresselhaus coefficients (ζ 1 ) while all Γ 7 and Γ 8 states have nonzero linear and cubic spin-splitting coefficients. Amongst the five WZ phase semiconductors with the largest spin-orbit energies (∆ so ), InSb has the largest Dresselhaus coefficients, followed by GaSb, InAs, GaAs and AlSb.
V. SUMMARY
We have calculated the electronic band structure for nine III-V semiconductors in WZ phase using empirical pseudopotentials with the inclusion of spin-orbit coupling. The predicted band structures are based on the concept of transferable model potentials. Our calculations show that in WZ phase, InP, InAs and InSb have a direct gap (Γ 7 ) which is larger than the corresponding zincblende material. AlP, AlAs, AlSb, GaP, GaAs and GaSb also have direct gaps, but with Γ 8 conduction band minima. WZ AlP and AlAs have larger direct gaps than the indirect gaps of their ZB polytypes. The opposite trend is seen in AlSb and GaP which have smaller direct gaps than their indirect gaps in ZB phase. In WZ phase GaAs and GaSb have direct gaps which are smaller than their ZB counterparts.
Our calculations are in excellent agreement with with experimentally obtained band gaps for GaAs, InAs and InP in WZ phase. Significantly, our results agree with experiment over whether the WZ band gap is larger or smaller than the ZB gap, in contrast to ab initio methods. We have extracted the linear and cubic Dresselhaus spinsplitting coefficients and find they are generally, though not always, larger for materials with larger spin-orbit coupling. The relatively large spin-splittings may be of use for spin-dependent transport in WZ nanowires. More recently, the WZ phase of GaAs has been grown in bulk 50 . More experimental measurements on such bulk WZ phase III-V semiconductors, would lead to a clearer understanding of their electronic properties.
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